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Abstract
Quantum physics at scales large compared to the Planck scale is described in
the framework of classical space-time geometries. A criterion for selecting these
backgrounds out of quantized gravity is proposed. It leads to an instability of
the black-hole geometry, as experienced by motion across the horizon, against
emission of Hawking quanta. A phenomenological treatment of the evaporation
process perceived by external observers who do not cross the event horizon is pre-
sented. Evaporation occurs within a topologically trivial \achronon" geometrical
background devoid of horizons and singularities describing a collapse frozen up to
decay time scales. It is ignited as in the conventional theory from pair creation out
of the vacuum of the collapsing star of mass M , but after a time of order M lnM
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the source of thermal radiation shifts gradually to the star itself. This allows for
a unitary evolution except possibly for exponentially small background transition
amplitudes. The emerging picture is compared with approaches of t'Hooft and
Susskind and the problem of its overall quantum consistency is evoked.
2
1. Introduction.
Black hole evaporation questions acutely the consistency of quantum physics
and general relativity. In the original derivation of black hole radiance
[1]
, the
thermal density matrix describing the radiation may be viewed as a consequence
of tracing pure quantum states over states hidden from an external observer by the
event horizon. Disappearance of the black hole would then result in a violation of
unitarity within the universe of external observers, as suggested by Hawking
[2]
. A
halt of the evaporation process at the Planck mass could formally save unitarity by
correlating the distant radiation to a stable planckian remnant
[3]
. The latter could
then be generated in a huge and probably even innite number of ways. Thus,
the end point of the evaporation process would leave us with the problem either
to understand why, despite its breakdown at the Planck scale, quantum physics
is operative at larger scales, or to enlarge in a consistent way the framework of
ordinary quantum eld theory to incorporate innitely degenerate Hilbert spaces
to describe this Planck scale.
An alternative approach to the dilemma has been proposed by 't Hooft
[4];[5]
.
The Hawking radiation would induce some strong backreaction on the geometry
which would appear, to the external observer, free of singularity and horizons. The
emission process would be part and parcel of a fully unitary evolution of the black
hole. Susskind and al
[6]
have suggested to implement this idea by materializing in
the planckian vicinity of the event horizon a physical \streched horizon", invisible
to the free falling observer, where the incoming information is deposited and then
burned away. The thermal Hawking radiation would carry mainly coarse grained
entropy and not, as in the conventional picture, entanglement entropy. In this
way full evaporation would be consistent with unitarity hidden in an averaging
over quantum phases. They argue that such a unitary evolution would imply a
departure from hitherto admitted physical realism as expressed by the concept of
an absolute, observer independent, event.
In absence of further dynamical ingredients, speculations about the history
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of an evaporating black hole rests largely on unsafe preconceptions. The present
paper is an attempt to deduce from a simple and hopefully correct assumption
about quantum gravity a phenomenological description of the evaporation process.
=46or all we know, natural phenomenon at all scales presently encountered are
well described by physical laws insensitive to uctuations above the Planck scale
of the classical space-time geometry in which they operate. It seems therefore rea-
sonable to assume that, to the extend that a classical background can operationally
be dened, vacuum uctuations carrying transplanckian energy densities cannot
have any physical eects. We shall make the assumption that if such uctuations
cannot be gauged away within a classical background the dynamics of gravity will
alter the background to reduce them to the Planck scale. Transplanckian eects
in a background would thus signal gravitational instabilities and, short of a reli-
able theory of quantum gravity, our anzats can be viewed as a tentative criterion
for selecting classical space-times stable against violent uctuations of the metric
beyond the Planck scale.
The emergence of black hole radiance from free eld vacuum uctuations re-
quires, because of the unbounded blueshift in the horizons vicinity, frequencies well
above the Planck scale
[1];[7];[8];[9];[10]
highly tuned on distances much smaller than
the Planck size. Our assumption implies that when gravitational nonlinearities
are taken into account, such vacuum uctuations can be cut-o. This will reveal
background instabilities.
While the very emission of Hawking quanta from free elds does require sharply
localized transplanckian frequencies, these appear only in the uctuations of the
energy momentum tensor. In addition, the eect of the Hawking radiation is
precisely to render its expectation value, as felt by an inertial observer in the
vicinity of the event horizon, regular and small compared to the Planck energy
[11]
. In absence of radiation, this value would indeed diverge at the horizon because
of the unbounded negative vacuum energy of matter elds in the Schwartzschild
background. Hawking thermal radiation thus makes it possible for the free falling
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observer which lives on scales large compared to the Planck scale, to experience
only the weak eect due to the local curvature at the horizon. This remarkable
feature of the Hawking radiation suggests that the expectation value of the energy
momentum tensor, and hence the average energy density contained in the radiation
itself should be deducible from regularity in the neighbourhood of the horizon
without ever appealing to transplanckian frequencies. We shall see that this is
indeed possible when, according to our assumption, non diagonal matrix elements
are tamed to the Planck scale.
The price to pay for the taming is then not an extinction of the radiation but
rather an instability of classical geometries in the neighbourhood of the Schwart-
szchild radius of the star. For external observers, the classical geometry is deter-
mined by an asymptotically static star imbedded in a hot planckian polarisation
cloud outside the Schwartszchild radius. This is a conguration with a trivial
topology with neither singularities nor horizons. It describes a collapse frozen in
space and time on the time scale of the decay. We shall label such congurations
\achronons" in accordance with earlier considerations
[12]
. On the other hand, free
fall motion in the planckian vicinity of the Schwartzschild radius opens up space-
time into the classical black hole geometry and reveal the masked horizon and the





. Thus while external observers probe achronon geometries, in-
ertial observers cross the horizon and experience extended black hole geometries.
Achronons and black holes are classically indistinguishable for external observers
but are related by tunneling in the WKB limit of quantized general relativity
[12];[13]
.
In section 2 the relevant kinematics of the star motion, where for simplicity the
star is idealized by a shell is laid down; the structure of vacuum energy momen-
tum uctuations due to a collapsing shell in absence of gravitational nonlinearities
is reviewed. These are violent uctuations in contradistinction with the smooth
behaviour of expectation values discussed in section 3. These facts are used in
section 4 to uncover the nature of a backreaction consistent with our assumption.
The taming of uctuations leads to a general picture for collapsing objects where
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external observers interpret history as the evaporation of a heated achronon while
free falling ones cross a horizon and travel towards their destruction in conventional
black hole geometry. The connection with the approach of references [5] and [6]
is made. Unitarity and the possible relevance of these considerations for quantum
physics is touched upon in section 5.
2. Fluctuations of the Energy-Momentum Tensor.
Consider a spherically symmetric star of massM idealized by concentrating its
mass at the surface, or equivalently by a shell of the same mass. Whenever formal
developments are needed we shall use this idealization
[14];[15]
as it simplies the
mathematics without aecting qualitatively the conclusions. Instead of specifying
the energy momentum of the shell and deducing from it the trajectory, one takes
the latter as the input of the analysis.
Let us rst characterize the motion of a shell which never crosses its Schwartzschild
radius. Inside the shell, Minkowski space can be described by the coordinate system
ds
2





U = 3D   r V = 3D + r;
(1)
for r < r
s
( ) where r
s
( ) is the shell radius at time  . The input parameter will be
taken to be w
s
, the radial inwards velocity of the shell with respect to an observer
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of a sphere and is continuous across the shell. We have
used, inside the shell, a time  dierent from the Schwartzschild time t, but one
can always synchronize the time inside and outside the shell by parametrizing it








(t) is dierent from the lapse function g
00
(t)  1   2M=r
s
(t) on
the outside vicinity of the star surface and implies a discontinuity of the red shift
across the star when w
s
6= 0. This discontinuity arises because of the mismatch of
inertial frames across the shell and would be smoothed o as a function of r and t





simply by ~g and g.
We parametrize the whole space-time by a single (u; v) coordinate system,
performing inside the shell a coordinate transformation U(u); V (v). Continuity of
ds
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dV   dU = 3Dg(dv   du) (6)
dV + dU = 3D~g
1
2
(dv + du) (7)
















































To obtain the (u; v) parametrization inside the shell, one eliminates ~g in Eq.(10)
and solve Eqs.(8) and (9) by expressing w
s
and g in terms respectively of u or
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constant radius of the shell; the redshift is then continuous across the star, and the






We now turn to the collapsing shell and follow the analysis of reference [10]
for the rest of this section. The above description remains valid in the restricted
space-time available to an external observer, that is an observer outside the future
horizon at u = 3D+1. This is the region depicted in grey in the Penrose diagram
represented in Fig.1. In the limit u ! +1, w
s




where 0 < w
1
s
 1. If the shell collapses along a geodesic trajectory of





2 for a shell at rest at
r = 3D +1 and increases towards the limiting value w
s
= 3D1 with increasing



















































Note that inside the shell Eq.(12) still describes the vicinity of the horizon whilst




dV=dv is a slowly varying function of v when r goes down from r
s
to zero because
the line v = 3D constant reaches, for r ' 0, the star surface far away from the
horizon in nearly at space where dV=dv tends to unity and not to the right hand
side of Eq.(13). Outside the shell, choosing appropriately the origin of r

, one may











Hence in Eqs.(11) and (12), we may take










is the asymptotic coordinate of the collapsing shell on the horizon.
Time dependent metrics create particles out of vacuum uctuations; for a col-
lapsing shell, once the asymptotic regime characterized by u = 3DO(M) in Eq.(15)
is reached, particle emission from vacuum tends to the universal thermal Hawking
ux. Let us review how this comes about and how transplanckian frequencies enter
the game, taking for simplicity a light like trajectory
?
: Eqs.(12) and (13) can then
be integrated to yield inside the shell






V = 3Dv: (17)
We rst consider the s-wave contribution from a free scalar eld to the radi-
ation. Moving back in time, positive frequency plane waves in the retarded time
u dened on I
+
reect on the timelike curve r = 3D0 and propagate to I
 
. The
curve r = 3D0 can also be labeled by U = 3Dv and hence the s-waves arriving
on I
 
span only the negative v-axis. Hence wave-packets build out of positive
frequencies in the retarded time on I
+
require frequencies of both signs in the
advanced time v on I
 
. To build a complete set of solutions of the eld equations
with positive frequencies on I
 
, one needs waves having support on the positive
v-axis and propagating towards the horizon. The Heisenberg vacuum j0i annihi-
lated by destruction operators associated with positive frequencies on I
 
is then
a superposition of pairs formed from outgoing quanta on I
+
correlated to partner
states describing waves propagating towards the horizon H. Note that while the
outgoing quanta describe real particles, this is not true for their partners which
? This does not aect any of our order of magnitude estimates.
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have no denite frequency sign and should be interpreted as vacuum uctuations.
Taking a trace of j0i h0j over the latter states, one gets a density matrix describing












by a wave-packet extending over a distance of the order of a wave-
lenght M . Its complex frequency spectrum f(!) has the form
f(!) = 3Djf(!)j exp( i!u
0
) (19)
where jf(!)j is centred around a positive frequency !
0
of order T and spread over







When the wave packet moves back in time with the velocity of light, it experiences
upon penetrating inside the shell a dierential blueshift dU=du = 3D U=4M with















The packet then propagates with the same frequency to I
 
after reexion on
r = 3D0. For deniteness we take !
0








( )  2M (22)
where r
s
( ) is the radius at which a light ray u = 3Dconstant intersects the shell.
When  becomes smaller than a Planck length, ~!
0
crosses the Planck scale. Eq.(14)
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to reach this Planck scale. For times of order M
3
, thus comparable to the black













The wave-packet is correlated on I
 
to a partner centred at a positive v value. This
correlation arises because a plane wave of frequency ~!
0
extends on both positive
and negative v values. The partner with v > 0 can then be similarly depicted as a
wave packet with the same frequency as the ancestor of the Hawking photon but
the separation between the two packets is on I
 
comparable to their spread.
We thus arrive to the following qualitative description of the generation of an
s-wave Hawking photon out of free elds (see =46ig.1). Select at t = 3D   1
on I
 
among the vacuum uctuations of empty Minkowski space, two spherically
symmetric distributions moving with the velocity of light. The outer uctuation
(the partner) never reaches r = 3D0 for the external observer. After passing
the curve r = 3D0 the inner uctuation (the Hawking photon ancestor) meets
the outer one and then separates, propagates towards I
+
and converts to a real
quantum by redshifting its frequency ~!
0
. The real quantum is still correlated to the
uctuation moving towards the event horizon. The local frequency ~!
0
of the pair is
determined by the redshift required to realize the conversion of the ancestor into a
real quantum of frequency !
0
, or equivalently by energy conservation. The distance
between the two poles before their separation is roughly ~!
 1
and of the order of
their spread. For quanta emitted a very short time after the start of the Hawking
emission, namely after a retarded time u
0
given by Eq.(23), the uctuations have
very large transplanckian frequencies and are localized over distances well below
the Planck size in the frame of the Minkowskian observer at rest inside the shell.
This history of the generation of Hawking photons from vacuum uctuations
can be expressed in quantitative terms by analysing their energy content. One post-
select the normalized state vector jP
1




at the retarded time u
0
and computes the state of the correlated partner jP
2
i
which is, up to a normalization constant, equal to h0 jP
1
i. The energy momentum





(x), that is its matrix element, suitably normalized,




















As shown by Aharonov and al
[16]
, if a future measurement were to yield the post
selected state, the real part of the weak value of such a hermitian operator can be
recorded by a \weak" non demolition measurement and its imaginary part induces
a shift of the conjugate variable of the measuring device. A general analysis of
the energy content of vacuum uctuations in terms of weak values was given in
reference [9].





and one veries that the total weak energy
contained in the wave-packet is equal to the total average energy < ! > of the
emitted quantum
[10]
















Here f(!) is the spectral function dened in Eqs.(19) and (20). Note that the
average is taken not only with respect to the quantum weight f(!) but also over
a thermal distribution at the Hawking temperature (1=8M). The distribution




(x) along light-like curves u = 3Dconstant we penetrate inside the




(x) is related to T
weak
uu
(x) by the dierential blueshift dU=du = 3D U=4M
and is conserved after reexion along light-like curves v = 3Dconstant up to I
 
.





recovers for negative v the blueshifted wave
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packet described by T
weak
UU
(x) and exhibits, for positive v the wave packet energy









(x) = 3D0: (26)
This result is in accordance with the fact that j0i is an eigenstate of zero total
Minkowski energy and thus that the weak energy characterizes on I
 
vacuum
uctuations. This compensation is made possible because, while the real weak
energy of the partner is positive , the real weak energy of the ancestor has become
negative due to the dierential blueshift. Indeed the post selection of a packet
of nite extension induces small energy oscillation tails and the huge blueshift of
a negative energy tail close to U = 3D0 overcompensates the large but smaller
blueshift of the positive core energy of the Hawking photon. Both the partner
energy and the core energy of the ancestor are correctly given by Eq.(22).
Thus the qualitative picture of the generation of Hawking photons is entirely
conrmed and the pair of uctuations selected on I
 
to describe the ancestor and
its partner form a dipole in energy. The outer pole (the partner) carries positive
Minkowskian energy while the inner pole ( the ancestor) has a total negative energy
which will later turn into a real quantum by losing its tail and redshifting its
positive core energy. These dipoles carry thus huge transplanckian energy carefully
tuned on correspondingly small distances inside empty Minkowsky space.
It is important to realize that it is impossible to reduce these transplanck-
ian dipoles to planckian ones by some gauge transformation in the given back-
ground. To do so, one would have to scale ~!
0
down to the Planck scale everywhere




stretched accordingly to a Planck length. This cannot be achieved through lo-
cal Lorentz transformations without reintroducing transplanckian Unruh eects.
Global Lorentz transformations are not available either. They would amount to
multiply the right hand side of Eq.(8) by a constant  6= 1 and of Eq.(9) by 
 1
.
This is not possible because the continuity of r at the star boundary xes  to
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be unity. The invariant meaning of ~!
0
is explicitly related to the existence of the
collapsing star. This should be contrasted with the dependence of minkowskian
frequencies on Lorentz boosts in the description of the Hawking radiation from
the Unruh vacuum where the eect of the star collapse is mimicked by suitable
boundary conditions on a ctitious past horizon. The latter description introduces
a spurious symmetry which is just such a Lorentz boost and which is equivalent to
a global Killing symmetry t! t+constant. This global symmetry is clearly broken
inside the collapsing shell.
=46inally, we point out that the above restriction to s-waves and to non inter-
acting elds do not change these conclusions as long as gravitational non linearities
are not taken into account. For free elds, higher angular momenta waves inside




and are therefore quite
insensitive to the centrifugal barrier l(l+1)=r
2
there until they reach very small dis-
tances from the centre of the star ( r 
p
2M) whereupon they are reected. The
above analysis remains essentially valid for all angular momenta except that most
of the high angular momentum modes are reected back outside the star towards
the horizon. Transplanckian dipoles exist for all angular momenta but outside the
shell the distribution of Hawking photons ancestors is the result of a balance of
outgoing and reected waves. This brings them nearly in thermal equilibrium close












of the order of the blueshifted frequency there. Thus, the inclusion of higher angular
momentum for free elds does not change the transplanckian character of the
production process. Rather, it imbeds, outside the shell, the s-wave transplanckian
frequencies in a transplanckian thermal bath, which at this stage is essentially
kinematical as it does not rely on interactions. Interactions due do asymptotically
free interacting renormalizable eld theory mixing dierent angular momenta of
single hot photons will be weak at the Planck energy and could only contribute to
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stabilize the temperature. Hence they cannot reduce the frequencies ~! to planckian
values.
The above detailed description of the Hawking photon emission rests entirely
on the non diagonal elements of the energy momentum tensor which contribute








(y) j0i. These non diagonal elements












































where the sum is over a complete set formed from the tensor product of states
jP
1
i dened on I
+
with their correlated partners jP
2
i = 3D hP
1
j 0i. In empty




(x) is zero in sharp contradistinction to the weak energy
of the uctuations generated from the post selected state. Eq.(29) means that the
expectation value of the energy-momentum tensor, which is zero on I
 
, vanishes
there because of destructive interference between elementary emission processes.
3. The Average Energy-Momentum Tensor.
Before coping with the transplanckian uctuations of the eld vacuum in the
metric of a collapsing star, it is important to understand the behaviour of the expec-
tation values of the energy-momentum tensor for an arbitrary motion of the shell.
Four dimensional computations for free eld in black hole geometries with suitable
boundary conditions indicate that all the components of the energy-momentum
tensor have nite and small (on the order of the local curvature) expectation val-
ues on the future horizon in the inertial frame of a free falling observer
[11]
. This is
a consequence of the average Hawking ux in the horizons vicinity. In its absence,
15
as would be the case if one would impose the vanishing eld boundary conditions
there, divergences do appear. The latter \Boulware" boundary condition is the
natural one for a classical star at rest innitesimally close to its Schwartzschild ra-
dius. These results are not qualitatively aected if one restrict the eld to depend
only on the (r; t) two dimensional subspace of the full metric Eq.(3) and can then
be derived analytically from the trace anomaly
[17]
. We shall follow this method
here for a general motion of the shell and extend it to take into account a possible
interaction between the eld and the star. This will be an essential element of our
approach to the back reaction problem.
We write the metric due to the spherical shell in the two dimensional subspace






Outside the shell, the metric factor e
2
is independent of the shell motion and is
equal to 1   (2M=r), but its value inside is contingent upon this motion. For a








while for a static shell of radius r
s
,  takes the constant value















(x) = 3D0 (33)
































































(v) in Eqs.(35) are genuine explicitly conserved
operators. It is their non diagonal conserved matrix elements which gave rise
to the transplanckian generation of radiation quanta. Here we shall focus our




which are combinations of non




with the non tensor c-numbers in Eq.(35).
















































































(v) depend on the boundary conditions of the elds.





(v) = 3D0: (39)
We shall see that t
u
(u) is then entirely determined from the motion of the shell.



















= 3D0 at U + V = 3D0: (41)






(v) under coordinate transformations, as applied between
the (u; v) and the (U; V ) coordinates inside the shell, entirely determine t
u
(u).
Let in general (~u; ~v) be some conformal reparametrisation dened in some
neighbourhood. The conformal factor e
2
in Eq. (30) transforms according to













































and similarly for t
v
(v) in terms of v
0





are computable in terms of the shell motion from Eqs.(8),(9)
and (10).
=46or the light-like collapsing shell in the asymptotic region Eqs.(17) and (43)
give t
V
(V ) = 3D0 and hence from Eq.(41) t
U
(U) = 3D0. Using again Eq.(43) and
the coordinate transformation Eq.(16), one gets for t
u










It is easy to verify, using Eqs. (11), (12) and (13), that in the asymptotic regime,
the result Eq.(44) does not depend on the light-like limit and is true for generic
collapsing shell.
This result implies that the energy ux across any sphere r = 3Dconstant










as given by Eq.(44). This is, as expected, the thermal Hawking s-wave ux at the
Hawking temperature Eq.(18). On the other hand, for a static shell, no radiation
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can occur from the free eld vacuum and Eqs.(43) now yields t
u
= 3D0, conrming
the absence of energy ux outside the star. On the horizon, outside a collapsing
shell, the energy ux T
(2)
vv
crossing the horizon is, from Eqs.(37) and (39), nite,






vanishes on the horizon as a consequence of Eqs (36) and (45). The negative
energy ux is thus necessary to ensure energy conservation in presence of the
Hawking radiation and is sometimes referred to as the source of this radiation.




its neighbourhood to the same negative value. The dierence in the static case is




the latter quantity and not T
(2)
vv
which is aected by the motion of the shell, being
brought to zero on the horizon by the positive constant contribution t
u
. It is easy
to verify that T
(2)
uu
tends to zero as (1  2M=r)
2
. This is what is needed to ensure
that all the components of the energy-momentum tensor are nite in the inertial
frame of the free falling observer. The Hawking energy has thus the important
property of ensuring that the free falling observer does not experience singular
contributions of the eld vacuum as he approaches the horizon of a collapsing star,
a feature which would not be true if the classical star would be ultimately brought
to rest.
The whole preceding analysis is contingent upon the validity of the conservation
law Eq.(33). There, it was implicitly assumed that the star and the scalar eld are
not interacting and therefore obey separate conservation laws in the background
space-time. However, as will be discussed in section 4 and 5, this is a non trivial
assumption when the shell is within a Planck size of its Schwartszchild radius when
gravitational backreaction is taken into account. To pave the way for studying this
problem, we shall enlarge Eq.(33) to include a possible source term of the eld
energy-momentum tensor located at the classical position of the shell. We limit
our considerations to expectation values.









(x) represents the source term. The previous analysis basedon the trace





more be the same inside and outside the shell. To make this explicit we express
the source current in the global (u; v) coordinate system as
J
u

























(v) will measure the radiation of the shell.
To see this, dene a function F (u; v) which goes through zero on the shell and
is positive outside. We have
@
v




[F (u; v)] = 3D   [u  u
s
(v)]: (49)
Using Eq.(49), the solution of Eq.(46) with the source terms Eqs.(47) and (48) is

















































(v) = 3D0 (51)
and the energy ux across a sphere of radius r outside the sphere at the retarded
















(v) transform under conformal reparametrization ac-




(v) which give the possible genuine
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One veries indeed that Eq.(53) ensures the correct transformation properties of
the source currents and of the components of the energy-momentum tensor.
4. Backreaction and Radiance in the Tamed Vacuum.
The thermal radiation in the background of a collapsing shell is characterized
by an energy momentum tensor whose expectation value is smooth but whose uc-
tuations are exponentially large compared to the Planck scale and are correlated
over distances exponentially smaller than the Planck size. Classical general rela-
tivity is not likely to make any sense at those energies and space-time separations
and therefore the back reaction due gravitational interactions seem to depend on at
least some genuine properties of quantum gravity. Nevertheless the smooth char-
acter of expectation values has nourished the hope that a semi-classical approach
to backreaction whereby these average T

are taken as a source of the classical
Einstein equations, is valid for macroscopic black holes.
This conventional point of view means that as long as the evaporating black
hole does not reach the Planck size, gravitational backreaction is weak. Except at
the nal stage, one could treat in good approximation the emission process adiabat-
ically by xing the classical Schwartzschild background by the instantaneous mass.
The cumulative eect of the varying mass leads however to qualitative eects
[18];[19]
which we now discuss.
=46or a constant mass the global event horizon coincided outside the star with
the boundary of trapped surfaces, that is with the apparent horizon. The latter
now separates from the former and spans a time-like surface depicted in Fig.2. The
proper time necessary for the shell to move from the apparent horizon to the event
horizon is of the order of the Planck time but this motion appears to be of the order
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of the black hole lifetime for the distant observer. A hypothetical light ray which
would be emitted from inside the star and cross the shell between the two horizons
would rst recede to smaller radius and diverge again upon reaching the apparent
horizon. This means that the evaporation of the black hole is not due to a reduction
of the shell mass but results from a negative energy cloud which originates in the
negative ux T
vv
compensating in the static case the energy carried away by the
Hawking radiation. This cloud is situated at smaller radius than the shell when the
latter was in causal contact with the distant observer and is separated by a space-
like distance from the shell at the same radius. Thus the march of the classical
shell towards its nal destruction by tidal forces in the vicinity of the classical
singularity appears as a causally disconnected history from the evaporation out
of a polarisation cloud which lls up with increasing mass (in absolute value) a
macroscopic volume of space \outside the star surface" back to r ' 0.
This bizarre sequence of events is fully consistent with a thermal, structure-
less Hawking radiation encoding no information about the original star. All the
information is contained in the collapsing star evolving with its initial mass. This
is also consistent with the fact that, as required by the quantum superposition
principle, there is no duplication of information between the collapsing star and
the Hawking radiation
[6]
. In fact, the latter argument seem to indicate that the
picture emerging from the semi-classical backreaction anzats is bound to survive
quantum corrections and that up to the Planck mass scale, the Hawking radiation
of a collapsing star cannot, even in principle, contain any relevant information
about the detailed structure of the star. One would then be confronted with the
usual dilemma of either a full evaporation and the concomitant loss of unitarity
in the universe of external observers or with the halting of the collapse at the
external observers Planck size, relegating there the huge and presumably innite
degeneracy of a left over remnant.
However, we have to examine whether the above picture is reasonably consis-
tent with the existence of the large uctuations of the energy momentum tensor.
Clearly the transplanckian uctuation spectrum does not satisfy the background
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stability criterion introduced in section 1. Cutting o the dipolar uctuations at
the Planck size on I
 
would suppress the mechanism reviewed in section 2 re-
sponsible for the generation of Hawking radiation as seen by the external observer.
According to our assumption this should imply that either this mechanism for
black hole radiance is qualitatively altered when gravitational non linearities are
taken into account or that Hawking radiation does not occur.
There are at least two reasons why the latter alternative seems unreasonable.
First the thermal radiation appears as a general thermodynamic property of the
hole if one admits the Bekenstein conjecture
[20]
that the area of the event horizon
is a measure of entropy. To see this, recall that the black hole entropy must then
be, for dimensional reasons, inversely proportional to the Planck constant. This
in turn requires that an eternal black hole of mass M surrounded by static matter
with total mass at innityM
1
should have a global temperature proportional to h.
Consider indeed the classical Killing identity
[21]
(it can be viewed as the integrated







= 3DH   M
1
(54)
where  is the surface gravity of the hole and H is the variation of all non gravita-
tional parameters in the matter hamiltonian outside the horizon. Eq. (54 ) permits
the identication of a multiple of the surface gravity to a temperature. The equa-
tion is classical and thus the temperature should be proportional to h to cancel
the h
 1
in the entropy. This argument gives credence to the derivation and even
to the estimate of the temperature via euclidean continuation of the metric, either
for Green's functions, for partition functions
[22]
or for tunneling amplitudes
[13]
,
because euclidean continuation always leads to the required dependence on h and
because all these methods yield the same result, namely the Hawking temperature
Eq.(18)for black holes with no surrounding matter. The fact that this thermody-
namical argument refers more directly to hypothetical eternal black holes than to
incipient ones does not weaken its signicance. The production of Hawking quanta
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from vacuum uctuations can be viewed as arising from the local thermalization
close to the horizon at the temperature Eq.(27) and this temperature is the same
as in the eternal black hole case.
Second, as was stressed in section 3, Hawking radiations contribution to the
average energy density is needed to render nite and small, in a free eld theory,
the vacuum expectation value of the energy-momentum tensor experienced by a
free falling observer crossing the horizon . Cutting o transplanckian eects in
the computation of expectation values would only conrm this result when grav-
itational eects are taken into account. Smooth expectation values are certainly
required for retrieving the classical motion of the free falling observer confronted
only with the small local eect of the curvature at the horizon; they provides
therefore a strong argument in favour of the Hawking radiation.
We are thus led to conclude that Hawking radiation should exists and therefore
that gravitational non linearities set in and qualitatively modify the emission pro-
cess after the characteristic retarded time u
0
' M lnM dened by Eq.(23) where
transplanckian eects appear inside the shell. At that time the radial distance
separating the shell from the horizon is of order unity according to Eq.(22) but the






as seen from Eq.(27) and hence far below the Planck temperature for a macroscopic
black hole. The reason for the mismatch between frequencies outside and inside
the shell is the additional blueshift induced by its motion as encoded in Eq.(11).
This is however not an artifact of the shell model because in a realistic star it would
simply be spread on a distance of the order of the star radius.
To understand the nature of gravitational eects, we thus cut o transplanck-
ian eects for times greater than u
0
. This determines, according to our assumption,
the stable geometry in which the Hawking radiation must take place. The result-
ing geometry is topologically equivalent to Minkowski space-time because the shell
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slows down and stops when the local temperature outside the shell reaches the
Planck temperature. This will now be exemplied in the 2-dimensional approx-




reaches unity, a Hawking quantum of say !
0
= 3D1=2M in (21) has
been blueshifted by the factor ~g
 1=2
which reaches 2M . If we x for u  u
0
~g to
the corresponding value in Eq.(10), we get in the asymptotic region a dierential
















Thus, at  = 3D1=2M , the shell is brought to a halt. The outside temperature
has reached the Planck scale, as seen from Eq.(27) and the proper distance of the
shell to the Schwartszchild radius at xed the external time t, is then also of order
unity. The slowdown time  , is from Eq.(55)
p




and takes thus only a few Planck times in the  time.
During this time span the emission process is gradually altered and after the
time  the original mechanism is completely lost since the star has come to
rest. The only way radiation can occur is from the Planckian polarisation cloud
in which the shell is immersed and this requires quantum transitions between the
constituents of the shell and its Planckian cloud. According to the above discussion
we have to assume that in an average sense, the radiation is still thermal at the
global temperature Eq.(18).
Phenomenologically, this can be accounted for in the 2-dimensional s-wave
approximation by the source term k
u
(u) Eq.(47) constituted by our polarized star.




(u) as given by Eq.(52); for u < u
0




(u) and gradually shifts to the source term k
u
(u) as the shell slows down and
stops. The total ux sticks to the Hawking value Eq.(44) when t
u















(u) as a function to the radial distance to the horizon. Note
that regularity alone in the vicinity of an eventual horizon in the inertial frame
xes uniquely the right hand side of Eq.(58) independently of any thermodynamical




(u) can annihilate the r dependent
term in Eq.(36) only if it is constant and therefore equal to the right hand side of
Eq.(44).
The picture that emerges from our assumption when gravity enters the game
is that Hawking radiation occurs within a background which is free of horizon
and singularity. Its source shifts gradually from the vacuum uctuations in the
metric of a collapsing shell to that of a static shell imbedded in a hot planckian
polarisation cloud. This conguration of the shell or more generally of any star
is not distinguishable for an external classical observer from a collapsing object.
The object is however frozen in space-time which means that the geometry has
closed on a trivial topology. Such frozen structures where the star sticks within
a Planck size of its Schwartzschild radius have been introduced previously and
labeled as \achronons"; they are related to black hole geometries by tunneling
amplitudes exp( A=8) in the WKB limit of quantized general relativity. If the
achronon geometry provides the framework in which external observers perceive
the Hawking radiation, it is not t to the world of free falling ones in the vicinity
of the Schwartzschild radius which are blind to the radiation. Quantization in
their local frames conrm that they can only experience rare particle creations
due to the small local deviations from global Minkowski space-time. This should
be a result surviving gravitational non linearities because it does not require any
planckian eects
[23]
. The sole eect of Hawking radiation is precisely, as already
emphasized in section 3, to erase any precursor of the star which could aect
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free falling motion by wiping o in its vicinity divergences in expectation values.
Therefore, as a consequence of the Hawking radiation itself, there appear to be
no reason preventing free falling observer to travel according to the prediction of
classical physics. =46or them, space opens up in the vicinity of the Schwartszchild
radius of the star as he crosses the masked horizon to reveal the extended and
classically singular black hole geometry. The taming of the vacuum according
to our assumption induces background instabilities which makes the space-time
geometries underlying the history of a collapsing star dependent on the state of
motion of the observer: for external observers the collapse does not generate a
black hole but a heated achronon while free falling ones do experience a black hole
geometry.
This conclusion is in line with the approach of t'Hooft and Susskind. However,
the scenario developed in reference [5] where the star emits a large amount of ther-
mal quanta before turning around contradicts our basic assumption. The model of
[5] will unavoidably lead to uncontrollable transplanckian eects and seems there-
fore to suer from the same potential inconsistency as the original approach. Our
achronon has more similarity with the streched horizon of reference [6] but it is not
only a layer where information is deposited, it is the star itself interacting with a
cloud of planckian constituents.
5. Gravity and Quantum physics
The shell model illustrates clearly the key dierence between the present ap-
proach and the conventional one exemplied by the semi-classical construction of
Fig.2. The shell and its polarisation cloud responsible for radiative emission have
been merged on a Planck scale and can thus be depicted in classical terms by a
single trajectory. This would at rst sight seem to be harmless and is in fact con-
sistent with the conventional picture as long as the black hole does not loose mass.
Processes induced by gravity between the scalar eld and the quantum degrees of
freedom of the shell are expected to play an important role in the description of the
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Hawking emission once the hitherto neglected backreaction is taken into account.
The free falling observer would describe these processes as virtual but the external
observer would interpret them as real ones because of the huge time dilation he
experiences with respect to the free falling one. If he admits that the trajectory
of the shell is dened only up to a Planck size uncertainties, he would for su-
ciently large retarded time depict as above the shell as imbedded in a polarisation
cloud formed of quanta at the local temperature Eq.(27) superimposed on some,
presumably negative, vacuum Schwartzschild energy. There would be no contradic-
tion with the description of the free falling observer as long as the mass is carried
away by the Hawking ux is neglected. However the radiation, in agreement with
the thermodynamic description, escapes the centrifugal barrier through relatively
rare low angular momentum waves in equilibrium with the thermal cloud. But if
the cloud does not separate causally from the collapsing shell by sticking outside
the global event horizon, the description of the external observer contradicts the
image of the free falling one for whom the classical shell still carries the total ini-
tial mass when it crosses the horizon. This separation depicted in Fig.2 avoids the
contradiction and leads to the bizarre history emerging at the semi-classical level
and the concomitant unitary problem. In our approach the cloud and the shell do
not causally separate even when evaporation occurs and the full history occurs for
external observers in the trivial topological geometry shown in Fig.3. The history
implied by our assumption is qualitatively the same for a more realistic collapsing
star: after a short ignition period during which the collapsing star emits thermal
quanta uncorrelated to its structure, the collapse get frozen in space-time and im-
mersed in a hot Planckian cloud. There is no a priori reason which would prevent
interactions between the matter degree of freedom of the star and the planckian
constituents. This achronon conguration burns away its mass and structure as
any hot body does within a topologically trivial background devoid of horizons and
of singularities. Although we have not implemented our assumption with a detailed
dynamical mechanism, we can therefore see no reason why the evaporation process
should not be viewed as a unitary process within this background. The entangle-
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ment entropy responsible for the thermal radiation in the conventional derivation
would be transmuted into more mundane coarse grained entropy stemming from
averaging over quantum phases
[6]
. The price to pay, as in references [5] and [6]
is the apparent discrepancy between the description of the same event as viewed
from free falling or from static states of motion.
In the achronon background, quantum physics would then apply in the way
we know within our universe at our scale. The consistency of the overall picture
with quantum theory is more problematic. A rst question is whether or not
achronon and black hole space-times can both be contained in the Hilbert space
of quantum gravity. As mentioned above, this appears to be the case in the WKB
limit of quantized general relativity. In fact this was in a previous work the basic
argument in favour of remnants
[12];[13]
. The reason was that if one takes the usual
point of view that a collapsing star evolves to a classical black hole, the existence of
the achronon in the space of quantum states necessarily leads in this WKB limit to
an innite degeneracy of the quantum black hole due to the innite many ways an
achronon can be constructed. This degeneracy implied remnants. In the present
approach the situation is reversed: what is formed is not a black hole but an
achronon and subsequent evaporation does not pose a degeneracy problem. Every
achronon decays in a slightly dierent way hidden in phases averaged out in the
thermal description of the radiation.
If indeed both geometries pertain to the same Hilbert space it is conceivable
that external observer select achronon space-times while upon crossing the horizon
freefalling observers selects enlarged black-hole space-times. This could put the
whole picture consistently in the framework of quantum physics. Unitarity of the
evaporation process would be conditional to its description within the achronon
background and transition between dierent background would still prevent a exact
operational denition of a full unitary process. This would however be a very weak
eect, of the order of the tunneling probability, namely exp( A=4). Maybe third




but without further restrictions this would make quantum gravity closer
to a metatheory than to a genuine predictive theory.
To gain further understanding more dynamical ingredients are needed. Our
analysis was phenomenological in character. We have postulated a stability crite-
rion leading to tamed vacuum uctuations but we have not uncovered a dynamical
mechanism which does it. An attempt along these lines resides perhaps in the type
of Hagedorn phase transition occuring in string theories: transplanckian quanta
would condense in macroscopic strings surrounding the horizon
[25];[10]
. However
such a transition alone is not sucient to inhibit the uctuations. The condensed
string should merge with the quantum degrees of the star itself and thus penetrate
inside the star. Otherwise the past history of the condensate would experience a
further blueshift upon entering the star and rebuild transplanckian eects. It is
not clear that string theory as it stands contains the required elements to cope
with this problem. It may then be useful to check the logical consistency of our
assumption by investigating other problems where it may turn out to be relevant,
or self contradictory. An interesting problem in this context is oered by primor-
dial ination
[26]
. A permanent de Sitter space time has global horizons which are
dierent for two distinct comoving motions. Must the quantum description be
restricted to a single observer or should one work with a global vacuum which in
this case is not marred by a singularity? An interesting additional problem would
arise if de Sitter space is unstable and evolves, say, into a Robertson-Friedmann
universe. This would get rid of global event horizons but not necessarily of all the
transplanckian uctuations generated during the de Sitter era. What happens in
this case is not only of academic interest as it may provide the key for the under-
standing in a fundamental way the origin of the temperature of the cosmological
background radiation. We hope to return to this problem in future work.
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Figure Captions.
Figure 1. Penrose Diagram of a Shell Collapsing to a Black Hole in Absence of
Back-reaction.
The shaded region is the space-time available to external observers. S and
L label respectively generic and light-like shells. The dotted and dashed lines
represents the motion of the centers of vacuum uctuation wave-packets; the former
is a Hawking photon ancestor and the latter its correlated partner.
Figure 2. Semi-Classical Picture of the History of a Collapsing Shell.
This Penrose diagram shows the separation outside the shell S of the apparent
horizonH
a
from the global event horizonH in the conventional semi-classical back-
reaction picture of a full evaporation process. The region between these curves
contains the negative energy polarization cloud. The merging of the two horizons
at the singularity is strongly aected by quantum eects and the drawing there is
only indicative.
Figure 3. Collapse of a Shell to an Achronon and Subsequent Evaporation.
The shell S collapses to a radius close to 2M and turns into an achronon A
formed from the shell and its surrounding hot planckian cloud. The achronon then
evaporates to zero radius.
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